Background: Vitrification is the standard method for cryopreserving human oocytes and embryos, but its effects on ovarian tissue are uncertain. The purpose of this meta-analysis was to compare the proportion of intact primordial follicles in ovarian tissue cryopreserved with vitrification versus slow freezing.
Introduction
Cryopreservation of ovarian tissue is becoming an increasingly popular method of preserving fertility in women with cancer who require radiation and/or chemotherapy. [1, 2] Autotransplantation of cryopreserved ovarian tissue has been shown to restore endocrine function, [3] and achieve live births. [1, 4, 5] Transplantation of ovarian tissue has also been used to restore endocrine function in cases of premature ovarian failure and ovarian dysgenesis. [6, 7] The standard method for cryopreservation of ovarian tissue is slow programmed freezing using a human serum albumincontaining medium, with propanediol, dimethyl sulphoxide, or ethylene glycol as a cryoprotectant, combined with sucrose. [4] Slow freezing, however, is problematic because the different cell types in ovarian tissue require different parameters to prevent damage from ice crystallization, and studies have reported negative effects on different ovarian tissues as a result of slow freezing. [8] [9] [10] [11] [12] Vitrification is a process defined as the instant solidification of a solution as a result of an increase in viscosity during cooling without ice crystal formation. [13] Vitrification is now the most accepted method for the cryopreservation of human oocytes and embryos. [14] Vitrification seems to have advantages over slow freezing as animal studies have shown that it did not induce apoptosis in mouse and human ovarian tissue after warming. [15] However, studies on the cryopreservation of ovarian tissue with vitrification have provided conflicting results in comparison to those seen with conventional slow freezing. [16] The purpose of this study was to perform a meta-analysis comparing the proportion of intact primordial follicles remaining in ovarian tissue cryopreserved with vitrification versus slow freezing.
Materials and methods

Literature search strategy
This systematic review and meta-analysis was conducted in accordance with PRISMA guidelines. [17] Medline, Cochrane, EMBASE, and Google Scholar databases were searched until November 11, 2014 using combinations of the search terms: ovarian tissue, cryopreservation, vitrification, follicle, follicles. Reference lists of relevant studies were hand-searched.
Selection criteria and data extraction
Inclusion criteria were randomized controlled trails (RCTs), 2-arm prospective studies, and retrospective studies in which ovarian tissues were retrieved from patients who underwent surgery for benign ovarian cysts and other gynecological conditions, cesarean section, or cancer and the ovarian tissue was preserved by vitrification or conventional slow freezing. Cohort study, letters, comments, editorials, case reports, proceedings, and personal communications were excluded. Studies were also excluded if there was no comparison between vitrification and conventional slow freezing, and if there were no quantitative primary outcome data reported. Studies were identified by the search strategy by 2 independent reviewers, and a third reviewer was consulted when disagreement arose.
Data extracted from studies that met the inclusion criteria were the name of the first author, year of publication, study design, number of participants in each group, participants' age, method of ovarian tissue preservation, and proportion of intact primordial follicles. Data extraction was performed by 2 independent reviewers, and a third reviewer was consulted for any uncertainties.
Quality assessment
The Delphi list was used to assess the quality of the studies included in the meta-analysis. [18] 
Outcome measures and data analysis
The primary outcome measure was the proportion of intact primordial follicles associated with vitrification versus slow freezing. Pooled odds ratios (ORs) and 95% confidence intervals (95% CIs) were calculated and compared between the vitrification and slow freezing groups, and a 2-sided value of P < 0.05 was considered statistically significant. An OR > 1 indicated that vitrification was associated with higher proportion of intact primordial follicles, whereas an OR < 1 indicated slow freezing was associated with higher proportion of intact primordial follicles. A x 2 based test of homogeneity was performed using Cochran Q statistic and I 2 . A P value of the Q statistic <0.10 indicates statistically significant heterogeneity. I 2 indicates the percentage of the total variability in effect estimates among trials due to heterogeneity rather than chance, and an I 2 > 50% indicates significant heterogeneity. A random-effects model of analysis according to DerSimonian-Laird method was used if heterogeneity was detected (I 2 > 50% or Q statistic P < 0.1). Otherwise, a fixed-effects model of analysis was used.
Sensitivity analysis was performed based on the leave-one-out approach. Funnel plot and Egger test were used to evaluate the existence of publication bias. Absence of publication bias is indicated by the data points forming a symmetric funnel-shaped distribution, and a value of P > 0.05 in Egger test. All statistical analyses were performed using the statistical software Comprehensive Meta-Analysis, version 2.0 (Biostat, Englewood, NJ).
Results
Literature search and study characteristics
A flow diagram of study selection is shown in Fig. 1 . A total of 229 studies were identified in the database searches, and 15 full text articles were reviewed after exclusion of 214 non-relevant studies. Of these 15 articles, 4 articles were excluded with reasons shown in Fig. 1 . Six articles were eligible for the meta-analysis. The remaining 5 articles did not provide sufficient data for a quantitative study and were analyzed qualitatively.
The characteristics and outcomes of the 6 studies [2, [19] [20] [21] [22] [23] included in the meta-analysis are summarized in Table 1 . The characteristics of the 5 studies [24] [25] [26] [27] [28] included in the qualitative review and their reasons for exclusion from the meta-analysis are summarized in Table 2 . In the studies included in the meta-analysis, ovarian tissues were retrieved by laparoscopy or laparotomy performed for benign gynecologic conditions or at the time of caesarean section. The number of study patients ranged from 3 to 20, and patient age ranged from 20 to 43 years. Total number of morphologically intact follicles ranged from 14 to 2058, among which 6 to 724 were primordial.
In the studies excluded from meta-analysis, Huang et al [24] compared slow-freezing and vitrification with histological observation and terminal deoxynucleotidyl transferase dUTP nick end labeling assay of the tissue after cryopreservation. They found no significant difference in the destructive effect for primordial follicles, follicular proportions, and concentration of estradiol and progesterone, but the results can't be compared within our analysis since primordial follicle data were obtained after in vitro culture. Oktem et al [25] compared freezing and vitrification with outcomes of primordial follicle density, histological assessment, and estradiol production with in vitro culture. The vitrified strips contained significantly fewer primordial follicles compared with slow-frozen strips. The structures of the primordial follicles were preserved better in the slow-frozen ovaries compared with the vitrified ovaries, but the estradiol production was similar. The study was excluded because it only provided results with respect to primordial follicle density. Isachenko et al [26] studied the two methods with outcomes of hormone activity, follicle development, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene expression. No difference was found in hormone activity and follicle quality, but GAPDH gene expression in ovarian tissue after vitrification was dramatically decreased in contrast to conventional freezing. However, the study lack results with respect to primordial follicles. Study conducted by Klocke et al [27] only provided results of high-quality follicles and found no significant difference between methods of cryopreservation. High quality follicles were defined as follicles with an apparent intact nucleolus, clear cytoplasm, and round shape. Herraiz et al [28] compared slow-freezing and 4 vitrification methods with in vivo xenografting into nude mice. One vitrification method preserved more quiescent follicles than slow freezing, but did not provide any results for population of primordial follicles.
Proportion of intact primordial follicles
One study [23] indicated that slow freezing was associated with a significantly higher proportion of intact primordial follicles (OR = 0.600, 95% CI: 0.361-0.998, P = 0.049), while another study [19] showed that vitrification was associated with a significantly higher proportion of intact primordial follicles (OR = 2.651, 95% CI: 1.912-3.674, P < 0.001). The other 4 [2, 20, 21, 22] did not find any difference in the number of intact primordial follicles between slow freezing and vitrification. There was significant evidence of heterogeneity across the 6 studies (Q = 31.42, P < 0.001, I 2 = 84.09%); therefore, a randomeffects model was used for the pooled estimates. The pooled OR showed no significant difference in the proportion of intact primordial follicles after slow freezing or vitrification (OR = 1.228, 95% CI: 0.769-1.961, P = 0.390; Fig. 2 ).
Sensitivity analysis, publication bias, and quality assessment
Results of the sensitivity analysis using the leave-one-out approach are shown in Fig. 3 . No considerable changes in the direction and magnitude of the pooled estimates were found when individual studies were excluded one at a time, indicating good reliability of the current analysis. There was no significant evidence of publication bias based on the funnel plot (Fig. 4) or as assessed by Egger test (t = 0.188, P = 0.860).
Results of the quality assessment of the 6 studies using the Delphi list are shown in Table 3 . All the articles had clear description of intervention, and measured the outcomes with objective and/or subjective methods. All the studies collected the cases in one centre. However, no studies described the eligibility criteria to entry the study. Overall, the results indicated that the studies were of good quality.
Discussion
The purpose of this study was to compare the proportion of intact primordial follicles in ovarian tissue cryopreserved with conventional slow freezing and vitrification. Six studies were included in the meta-analysis and the pooled OR showed there was no difference in the proportion of intact primordial follicles between ovarian tissue cryopreserved with slow freezing and vitrification. Of note, while 5 studies included in the qualitative synthesis did not provide data on primordial follicles and their outcome measures varied, their results were inconsistent in that some studies showed no difference between slow freezing and vitrification and some indicated a benefit of one procedure over the other. Vitrification has superseded slow freezing as the primary method for cryopreserving oocytes, embryos, and sperm. Cryopreservation of ovarian tissue is more complicated, however, as the ovary is a composite tissue with various cell types requiring different parameters for preventing ice crystal formation during freezing. [16, 29] Many factors can affect the outcome of cryopreservation including the cryoprotectant, size of tissue fragments, and speed of cooling. [16, 29] Early studies indicated that slow freezing was superior to vitrification for preserving ovarian tissue. [19, 30] Vitrification techniques, however, have advanced markedly in the past decade and more recent studies have indicated that vitrification produces equivalent or better results for the preservation of ovarian tissue that slow cooling. [21, 24, 29, 31] Keros et al, [21] a study also included in this meta-analysis, reported that vitrification using a combination of Table 1 Basic characteristics and outcomes of studies included in the meta-analysis.
Number of morphological intact follicles (%)
First author (publication year) Zhou et al. Medicine (2016) 95:39 Medicine 1,2-propanediol, ethylene glycol, dimethyl sulfoxide, and polyvinylpyrrolidone was comparable to slow freezing with respect to preserving follicles in human ovarian tissue. While studies have shown that cryopreservation of ovarian tissue is possible and that tissue that has been cryopreserved can restore endocrine function and achieve live births, the developmental capacity of morphologically normal primordial follicles after cryopreservation is still not clear. [32] Chen et al [33] recently reported that ovarian cryopreservation by slow freezing compromises ovarian reserve by cryoinjury and ischemia, evident at an early stage after transplantation. Oktem et al [25] found that vitrified human ovaries have fewer primordial follicles and produce less anti-Müllerian hormone than slow-frozen ovaries. Castro et al [34] showed that fresh and vitrified bovine preantral follicles have different nutritional requirements during in vitro culture. After performing a systematic literature review in 2008, Bedaiwy et al [4] reported that fresh ovarian grafts were associated with an increased likelihood of return of ovarian function and a decreased likelihood for recurrent ovarian failure compared with cryopreserved grafts in patients with premature ovarian failure (hazard ratio [HR] = 2.44, 95% CI: 0.92-6.49 and HR = 0.47, 95% CI: 0.18-1.12, respectively).
Primordial follicles are the primary type in human ovarian fragments used for cryopreservation, and account for more than 90% of the entire population of follicles. [8, 35] Thus, they are commonly used as an endpoint for determining the efficiency of cryopreservation. [26] However, though follicles may be morphologically intact after cryopreservation their ability to develop and subsequently be fertilized and achieve pregnancy and live birth may be affected by cryopreservation, whether performed with slow cooling or vitrification. Apoptosis has been suggested as a marker of the developmental capacity of primordial follicles after cryopreservation. [36, 37] There are limitations of this analysis that need to be considered. The 6 studies included in the analysis used different vitrification protocols (including the method and vitrification solution) for cryopreservation, and the data were not sufficient to examine the effect of the different protocols. The number of samples was small, and outcome was based on morphological examination of the ovarian tissue. Lastly, a larger number of primordial follicles do not necessarily mean better results in terms of pregnancy. The quality of these primordial follicles should be evaluated by their capacity for growth, maturation, and fertilization, but this was not the aim of the study.
In conclusion, the results of this meta-analysis indicate that vitrification and slow freezing produce equivalent results with respect to intact primordial follicles for the cryopreservation of human ovarian tissue. However, the included studies varied in the cryopreservation protocols used. Thus, further study is required to determine the best method for cryopreserving human ovarian tissue. Table 3 Delphi list for quality assessment of studies included in the meta-analysis. 
